Purpose Prescribed burning is a forest management practice which can lead to nitrogen (N)-limited conditions. This study aimed to explore whether biological N 2 fixation (BNF) remained the main source of N acquisition for two understorey Acacia species in a Eucalyptus-dominated suburban forest of subtropical Australia, 3 to 6 years after prescribed burning. Root-nodule bacteria associated with these acacias were also characterised to unravel the differences in rhizobial communities between sites and species. Material and methods Two sites, burned 3 and 6 years before sample collection, were selected within a dry subtropical forest of south-east Queensland, Australia. Leaves were collected from individuals of Acacia disparrima and A. leiocalyx at each site to determine leaf total carbon (C) and N content, C and N isotope composition (δ 13 C and δ 15 N) and the percentage of N derived from atmospheric N 2 . Nodules were harvested from both acacia species at each site to isolate root nodule bacteria. Bacterial isolates were processed for 16S rDNA gene sequencing. Results and discussion Generally, no differences were found in plant physiological variables between the two acacia species. Six years after the fire, both species still depended upon BNF for their N supply, with a higher dependence in winter than in summer. Fire, although of low intensity, was likely to have created a N-limited environment which induced the reliance of legumes on BNF. Root nodule bacteria were dominated by non-rhizobial endophytes, mainly from the Firmicutes phylum. No difference in nodule bacterial diversity was found between sites. The relative abundance of rhizobial genera varied amongst plant species and sites, with a shift in dominance from Bradyrhizobium to Rhizobium species between sites 1 and 2. Conclusions Our results show that even 6 years after burning, ecosystem remained under N stress and BNF was still the main mechanism for N acquisition by the understorey legumes.
Introduction
Prescribed burning is widely used as a forest management practice to reduce fuel load and decrease the risk of wildfires (Hendricks and Boring 1999; Penman and York 2010) . It is a particularly critical tool for forest management in suburban forests where wildfires could threaten high-density population areas (Bai et al. 2013) . In addition to the obvious aboveground biomass reduction and enhanced CO 2 emissions, prescribed burning also affects belowground processes through the loss of soil organic matter, the volatilisation of soil nitrogen (N) and the modification of soil moisture levels (Guinto et al. 1999; Butler et al. 2018; Muqqadas et al. 2019) . Frequent fires, by reducing the time for soil nutrient pools to replenish between disturbances, may result in a decrease of soil fertility, a slowdown of forest regrowth, and therefore in higher ecosystem vulnerability to environmental stress (Tierney et al. 2019) .
Acacias are a large component of the understorey of Australian eucalypt-dominated forests, which represent 79% of the native forest estate of the island (National Forest Inventory 2007) . Understorey legumes are critical for forest function and productivity since they can fix N through their association with N 2 -fixing bacteria (Sprent 1995) . These symbiotic associations, combined with other competitive physiological traits of acacias such as their resistance to drought and their fast growth (Yang et al. 2009; Witt et al. 2017) , permit them to colonise disturbed lands and to quickly re-establish after fires (Reverchon et al. 2012 (Reverchon et al. , 2015 . Acacias have been therefore hypothesised to play an important role in post-fire forest recovery by increasing the quantity of N and phosphorus (P) cycled through litterfall Forrester et al. 2005) and increasing carbon (C) sequestration (Bai et al. 2012 ). In Australia, N input to the soil by acacias could average 50 kg N ha −1 year −1 depending on acacia density in the ecosystem (May and Attiwill 2003; Adams et al. 2010) , which could help counteract the impoverishment of frequently burnt soils.
Root nodule bacteria have been described as an essential part of the capacity of legumes to thrive in abiotically stressed environments. Although little is known about the bacteria living inside wild legume nodules (Cardoso et al. 2018) , native rhizobia are expected to form an interesting source of plant growth promoting bacteria that could be used in ecosystem restoration strategies (Hoque et al. 2011; Coba de la Peña and Pueyo 2012) . Understanding root nodule bacteria-host interactions is thus critical to guarantee the successful colonisation of disturbed habitats by native legumes (Thrall et al. 2000) . Since nodule rhizobial diversity is known to depend not only on legume species but also on soil conditions, it is likely that fire, by modifying edaphic properties, may influence the composition of root nodule bacterial communities (Birnbaum et al. 2018) .
A previous study established the potential of two dominant understorey acacia species (namely Acacia disparrima M.W.
McDonald & Maslin and A. leiocalyx (Domin) Pedley) to favour the post-fire recovery of a suburban dry sclerophyll forest 1 year after a prescribed burn (Bai et al. 2013 ). However, BNF persistence in later forest succession stages due to chronic N losses from fire is still unknown. It has been shown that, after a disturbance, ecosystem total N 2 fixation increased during the first 12 years of forest recovery and then decreased to low levels in 80-year forests, facilitating the recovery from ecosystem-scale deficiencies in N that occur during the initial period of rapid forest regrowth (Batterman et al. 2013) . Changing conditions over time may affect the potential of understorey acacias to relieve the N limitation that is often constraining the postdisturbance recovery of vegetation, especially in nutrient-poor Australian soils (Hoque et al. 2011) . The BNF is an energydemanding process (Vitousek and Field 1999) that is closely linked with other nutrient cycles and therefore likely to be influenced by any change in environmental conditions occurring during post-fire regrowth (Reverchon et al. 2012) . Our objective was, therefore, to determine whether BNF remained the main source of N acquisition for A. disparrima and A. leiocalyx, 3 to 6 years after a prescribed burn. We hypothesised that, after 6 years, BNF may alleviate N limitation in this frequently burnt ecosystem and that soil N acquisition would become the main source of N for legumes. In addition, we characterised the rootnodule bacteria associated with these two understorey species to better understand rhizobial community responses to prescribed burning, as we expected the modification of soil properties by fire to alter the composition of root nodule bacterial communities.
Materials and methods

Site description
The two experimental sites are situated within Toohey Forest, a dry sclerophyll subtropical forest located in Brisbane, southeast Queensland, Australia. Toohey Forest is a remnant island of native vegetation of about 640 ha, now completely surrounded by suburban sprawl (Bai et al. 2012) . Its elevation ranges from 35 to 195 m.a.s.l. The climate is subtropical, annual rainfall being approximately 1000 mm and average temperature varying between 10 and 15°C in winter and 30 and 35°C in summer (Catterall et al. 2001) . The tree community is dominated by rough-barked eucalypts. Prescribed burns with low intensity fires have been implemented as a forest management tool since 1993, with individual blocks of forest being burned at different times and different burning frequencies, usually in winter (Catterall et al. 2001 ).
Two study sites with different burning history were selected within Toohey Forest. Site 1 (27°32′34.02″ S, 153°03′ 09.06 E) was last burned in 2008, while site 2 (27°32′28.61″ S, 153°02′50.60 E) was last burned in 2006. The soils at both sites are different, which prevented their direct comparison.
The soil at site 1 is a poorly developed red-yellow podzolic soil, while site 2 is located on a deeper podzolic soil (Catterall and Wallace 1987) . Soil main characteristics for each site are reported in Table 1 . At each site, four replicate circular plots of 500 m 2 were established randomly to cover a mixture of understorey (e.g., Acacia spp.) and overstorey (e.g., Eucalyptus spp.) plant genera that are typical of the area (Huang et al. 2013 ).
Foliar sample collections and analyses
We chose to focus our study on two dominant species of understorey Acacia, namely A. disparrima and A. leiocalyx. In each plot, five individuals of similar size (from 2 to 3 m of height) of both species of Acacia were selected when possible. In addition, we also selected three reference plants (i.e. non-N 2 -fixing) per plot. Reference plants were different for each plot as it was not possible to find the same plant species within each plot, but most of them belonged to the genus Eucalyptus (E. Waterh., all belonging to the Myrtaceae family. All chosen reference plants were previously shown to be appropriate references for the determination of BNF by the two acacia species under the same field conditions (Bai et al. 2012) .
From June 2011 to September 2012, three fully expanded leaves were collected quarterly from each selected acacia and reference tree. Foliar samples were subsequently oven-dried at 65°C to a constant weight and ground to a fine powder using a Rocklabs™ ring grinder. The resulting homogenised powder was then analysed by mass spectrometry (spectrometer GV Isoprime, Manchester, UK) in order to determine total C and N contents, and C and N isotope composition (δ 13 C and δ 15 N) of each foliar sample. The δ 13 C and δ 15 N were calculated using the international PDB standard and standard N 2 gas, respectively, following the formula reported in Xu et al. (2003) .
The percentage of N derived from atmospheric N 2 (% Ndfa) was calculated using the following equation (Shearer and Kohl 1986) :
where δ 15 N ref represents the δ 15 N value of the reference plant, δ 15 N acacia represents the δ 15 N value of the acacia plant being measured, and B value is the relative isotopic abundance of Acacia spp. growing under a N-free nutrient condition. Bai et al. (2012) determined that a B value of 0.0‰ was adequate for the two acacia species under similar field conditions.
Nodule collection and bacterial isolation
In January 2012, one plant of each Acacia species was harvested from each plot in order to study root-nodule bacteria associated with each host species (n = 4 individuals per species per site). Each plant was excavated with its surrounding soil, taking care not to damage the root system. Nodules were then extracted from the roots and the collected soil was sieved (2 mm) to catch nodules that may have detached from the roots. Nodules were processed for root-nodule bacteria isolation the same day when possible, or stored for no more than 2 days at 4°C prior to isolation. All nodules were washed thoroughly, surface sterilised in 70% ethanol for 30 s and 4% (w/v) sodium hypochlorite for 10 min, and finally rinsed five times in sterile distilled water to remove all traces of soil. Nodules were then individually crushed and suspended in a large drop of sterile distilled water in a sterile test tube with a pair of tweezers. An aliquot of the suspension was aseptically streaked onto surface-dried Yeast Mannitol Agar (YMA) plates with Congo red (25 mg l −1 ), and incubated at 28°C between 3 and 14 days, depending on bacterial growth rates. Individual colonies with a reddish colour were re-streaked onto YMA plates until a pure culture was obtained. To check for nodule surface sterility, a drop of the last distilled water rinse was also streaked onto YMA and incubated following the same conditions as the crushed nodule suspension. Nodules with a non-sterile surface were discarded from further analysis.
DNA analysis
Genomic DNA was extracted from each bacterial isolate using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. Primers corresponding to nucleotide positions 8-28 (16S F27) and 1492-1509 (16S R1492) of the SSU rRNA sequence of Escherichia coli (Brosius et al. 1978) were used to amplify DNA in 25-μl reactions containing 2.5 μL of template DNA from each Amplified DNA products were visually checked on an electrophoresis gel and purified using QiaQuick Spin Purification kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. Forward and reverse sequences were determined using Big Dye terminator v3.1 (Applied Biosystems, Scoresby, Vic., Australia) cycle sequencing. Reactions (20 μl) consisted of 4 ml Big Dye terminator v3.1 buffer (5×), 1 μl of 16S F27 primer (16 pmol), 2 μl Big Dye terminator v3.1 mix, 2 μl PCR product and 11 μl sterile distilled water, and were amplified in a Bio-Rad MyCycler under the following conditions: 1 cycle at 96°C for 2 min, followed by 25 cycles of 96°C for 10 s, 50°C for 5 s and 60°C for 4 min. Amplified reactions were then precipitated with 2 μl sodium acetate buffer (3 M), 2 μl EDTA (125 mM) and 50 μl of 96% (v/v) ethanol for 15 min at room temperature, and centrifuged at 14,000 r.p.m. for 20 min at 4°C. The supernatant was removed, 250 μl 70% (v/v) ethanol was added and the samples were centrifuged at 14,000 r.p.m. for 15 min at 4°C. The ethanol was discarded and the samples were dried at 37°C. The sequencing products were processed at the DNA sequencing facility, Griffith University, using an ABI3730 capillary sequencer.
Phylogenetic and statistical analyses
Sequences were inspected and manually edited in BioEdit 7.2.5 (Hall 1999) . The Ribosomal Database Project (RDP) Classifier was used to obtain identifications with a default threshold of 97% (Wang et al. 2007 ). The relative abundance of bacterial genera per plant species and per site was calculated. A reference dataset was constructed with the obtained sequences and their best matches as retrieved from the GenBank database, using the Blast algorithm (https://blast.ncbi.nlm.nih.gov/). All sequences were aligned using MEGA 7 (Kumar et al. 2016 ) and the multiple sequence alignment program MUSCLE (Edgar 2004) . Neighbour-Joining phylogenetic trees were constructed for alpha-and betaproteobacteria in MEGA, with the Kimura 2 and Kimura 2 with Gamma distribution models respectively, using a bootstrap analysis with 1000 replicates. Sequences of the 16S rRNA gene obtained in this study were deposited in the NCBI database (accession numbers MK462973 to MK463133). Shannon diversity index (H′) was calculated in order to assess the culturable bacterial diversity in root nodules at each site. A Student t test was then implemented to check for significant differences in bacterial diversity between the two sites.
A repeated measures analysis of variance (ANOVA) followed by Tukey HSD tests was conducted to detect the effects of acacia species and of sampling time on plant physiological variables and BNF rates. All data were tested for normality using the Shapiro-Wilk normality test and for homogeneity of variance with Levene's test. Foliar total N, C/N ratio, and δ 13 C and δ 15 N were log-transformed to meet these assumptions.
Results
Plant physiological variables
No significant differences were found in the measured plant physiological variables amongst the two Acacia species, except for foliar total C, which was significantly higher in A. disparrima than that of A. leiocalyx in March 2012 at site 1 and in the three first sampling events at site 2. However, plant physiological variables varied amongst sampling dates for each species (Table 2 ). Foliar C content was the lowest on the fourth sampling (March 2012), for both Acacia species and at both sites. Foliar N content was the largest on the first sampling (June 2011), at both studied sites. Foliar C/N ratio was the lowest on the first sampling (June 2011) at both sites, with a tendency to increase during the following months, despite a relative decrease in March 2012. Foliar δ 13 C was the lowest on the first sampling, regardless of the site, although at site 1, the difference was not significant for A. disparrima. At both sites and for both species, foliar δ 15 N was the lowest during the second and third samplings (September and December 2011) and reached its highest value at the last sampling date (September 2012). The interactions between acacia species and sampling dates were not significant (Table S1, see Electronic Supplementary Material).
BNF
No significant differences were found in BNF rates between A. disparrima and A. leiocalyx at site 1. We did not compare BNF amongst acacia species at site 2 since the lack of good signal from some reference plants made the number of replicates uneven between species. No significant differences were found in BNF between sampling dates for A. disparrima and A. leiocalyx at site 1 when assessed in % Ndfa (Table 3) . However, when BNF rates were expressed in the quantity of fixed N per gram of plant, A. disparrima presented higher BNF rates in winter (June) than in summer (December). The largest BNF rate for A. leiocalyx at site 1 was also found in June (first sampling), while the lowest BNF rates were measured during the three subsequent samplings (September 2011 to March 2012). At site 2, A. leiocalyx showed greater BNF rates (when expressed in % and in mg fixed N g −1 plant) during the last two samplings. At both sites, BNF remained the primary source of N for A. disparrima and A. leiocalyx, with the proportion of fixed N g −1 plant being significantly larger than the proportion of N derived from the soil (Fig. 1 ).
Characterisation of root-nodule bacteria
In total, 161 sequences were obtained from the root nodule bacteria of A. disparrima and A. leiocalyx at both sites (Table S2 , see Electronic Supplementary Material). From these 161 sequences, 143 could be assigned to the genus level (97% threshold) and were considered for further analysis. Most of the sequences that could not be assigned to a bacterial genus belonged to the Bacillales order. In total, 38% of sequences belonged to Nfixing rhizobia from the Alphaproteobacteria (Bradyrhizobium, Mesorhizobium, Rhizobium; Fig. 2) and Betaproteobacteria (Paraburkholderia, Herbaspirillum, Ralstonia; Fig. 3 ) classes. Rhizobia comprised at least 34% of the sequences obtained from each plant species at each site (Fig. 4) . However, the relative abundance of rhizobial genera varied amongst plant species and between sites. Although Bradyrhizobium species were found in root nodules from both acacia species at both sites, Rhizobium spp. were predominantly found at site 2 (Fig. 5) . The genus Herbaspirillum (Burkholderiales) was only found in nodules at site 1, whilst Paraburkholderia was only detected in nodules from A. leiocalyx (Fig. 5) . The dominant bacterial genus in root nodules was Bacillus, independently from the site or the plant species under consideration. Culturable bacterial diversity in root nodules, as assessed by Shannon diversity index, was not significantly different between sites (H′ = 1.04 ± 0.42 and 1.61 ± 0.21 for sites 1 and 2, respectively, Student's t test, P = 0.39).
Discussion
In this study, we assessed the BNF rates of two acacia species growing at suburban forest sites subjected to prescribed burns. We found that, even 6 years after the fire, both acacia species still depended upon BNF for their N supply. Although prescribed burns are generally of low intensity (Huang et al. 2013) , the loss of N through volatilisation during the fire is *No statistical analysis was carried out due to the lack of good signal from reference plants likely to have created a N-limited environment, thereby increasing the reliance of legumes on BNF (Guinto et al. 2001; Reverchon et al. 2012) . Several studies have demonstrated the constraining nature of N in forest post-disturbance recovery (Davidson et al. 2004; Amazonas et al. 2011; Sullivan et al. 2019 ) and the importance of N 2 -fixing species to relieve this N deficiency (West et al. 2005) . Batterman et al. (2013) showed that BNF could overcome the N limitation created by the fast plant growth occurring during secondary succession, through a feedback mechanism between postdisturbance forest regrowth and BNF. More recently, Taylor et al. (2019) evidenced a shift from symbiotic to non-symbiotic BNF along a neotropical forest succession chronosequence and emphasised the need to consider nonsymbiotic BNF in ecosystem N inputs to improve our understanding of the dynamics of N cycling during forest recovery. Although we were not able to directly compare BNF rates between acacia species due to the lack of good signals for some of the reference plants, the comparison of foliar δ 15 N between A. disparrima and A. leiocalyx did not show differences between species, regardless of the site. This contradicts recent findings from Ma et al. (2015) who found more negative foliar δ 15 N values for A. leiocalyx than A. disparrima at one of their sites at Toohey Forest. However, these authors showed that foliar δ 15 N was highly dependent on the study site and its fire history. While no differences were found in the present work between acacia species in terms of BNF rates, seasonal differences were found for both A. disparrima and A. leiocalyx, with a higher plant dependence upon BNF in winter than in summer. Toohey Forest is characterised by warm wet summers and dry winters, with a consequently higher soil moisture in summer than in winter (Abdullah 2015) . Moreover, summer months usually correspond to a period of enhanced microbial activities and hence higher soil N availability for plant uptake, as shown by Wang et al. (2015) who found higher rates of N mineralisation in summer at Toohey Forest. This corroborates that BNF is stimulated when N is not readily available in the soil (Rastetter et al. 2001; Isaac et al. 2011) .
Seasonal differences were also found in plant physiological variables at both sites, for both acacia species. Foliar C/N ratio tended to increase over time for both acacia species at both study sites, which could be an indication of enhanced photosynthetic N use efficiency (Mohale et al. 2014) . However, this relative increase in N use efficiency did not translate into a higher photosynthetic capacity, as foliar δ 13 C did not increase over time, except for A. leiocalyx at site 2. Leaf δ 13 C can be associated with plant productivity not only through photosynthesis but also through plant water use efficiency (Farquhar and Richards 1984; Xu et al. 2000) . Our study did not show differences in foliar δ 13 C between both acacia species, unlike a previous report by Bai et al. (2012) who found higher water use efficiency for A. leiocalyx than that of A. disparrima. These discrepancies may be explained by the fact that we selected different study sites than the sites chosen by these authors in Toohey Forest. The importance of site conditions for plant ecophysiological variables has been previously highlighted by Ma et al. (2015) , as soil fertility influences nutrient capture strategies of plants and will, therefore, affect plant-soil-microbes interactions (Isaac et al. 2011) . Differences in foliar δ 13 C values may also be due to weather inter-annual variations between the years of study, as foliar δ 13 C has been reported to change with water and light availability (Bai et al. 2017) .
The dependence of both acacia species upon BNF even 6 years after the fire was confirmed by the analysis of root nodule bacteria. Rhizobium spp. were predominantly found at Fig. 2 Neighbour-joining tree of partially sequenced 16S rRNA genes from rhizobial isolates belonging to the Alphaproteobacteria class. Values above nodes correspond to bootstrap values obtained from 1000 replicates site 2, and although their N-fixing capacity was not directly assessed, their presence is likely to be related to the large proportion of N derived from BNF at this site. Although the influence of fire has not been directly linked to changes in the composition of the root nodule microbial community, previous reports indicate that the alleviation of N deficiency during succession induced shifts in symbiotic N-fixer community composition (Birnbaum et al. 2018 ). This contradicts results from Ndungu et al. (2018) who showed that soil N content did not significantly influence the rhizobial community composition and structure of cowpea (Vigna unguiculata L. Walp). Other edaphic variables, or biotic factors such as plant size, age and genotype, also drive the structure of root nodule bacterial communities (Leite et al. 2017; Dinnage et al. 2019 ) and may partly explain the observed differences amongst plant species and between sites in our study, such as the shift in dominance from Bradyrhizobium to Rhizobium in A. disparrima nodules between both sites. Rhizobium species have been shown to be efficient siderophore producers, helping iron absorption by plants, which is especially relevant in stressed ecosystems (Andreolli et al. 2016; Emami et al. 2019) . Hoque et al. (2011) reported that whilst Bradyrhizobium species dominated root-nodule bacteria in temperate regions of south-east Australia, drier regions were characterised by an increased dominance of faster-growing rhizobial genera such as Rhizobium, which confirms that even 6 years after burning, sites at Toohey forest remain under stress. In terms of forest management, our results support the fact that intervals between prescribed burns should exceed 6 years to allow soil N reserves to replenish and alleviate forest N limitation.
Other N-fixing bacterial genera that were detected in the present study have also been described for their wide array of plant growth promotion properties. Paraburkholderia, which was exclusively found in nodules of A. leiocalyx, is a producer of indole-acetic acid (IAA) and can favour the induction of salt stress tolerance in plants (Ledger et al. 2016; Marcondes de Andrade et al. 2019 ). On the other hand, Herbaspirillum, a genus which was exclusively found at site 1, is able to solubilise phosphate, produce siderophores and enhance root development through the emission of various growth regulators (Alves et al. 2015) . Although these properties may be straindependent, these reports emphasise the potential benefits that root nodule bacteria may provide to their host plant.
Root nodule bacteria consisted mainly in non-rhizobial endophytes, which confirms findings reported for various legume species (Hoque et al. 2011; Leite et al. 2017; Cardoso et al. 2018; Muresu et al. 2019) . Non-rhizobial endophytes are usually dominated by bacteria from the Firmicutes phylum (Zhang et al. 2018) , which is consistent with our findings for A. disparrima and A. leiocalyx. Non-rhizobial endophytes have been stated to promote plant growth under harsh environmental conditions, enhance nodulation or protect plants from pathogen infections (Tariq et al. 2012; Zhao et al. 2013; Muresu et al. 2019) . Non-rhizobial endophytes at both sites were dominated by Bacillus spp., a bacterial genus reported for its plant growth promoting abilities such as phosphate solubilisation, IAA production and siderophore production (Richardson et al. 2011; Gupta et al. 2015; Méndez-Bravo et al. 2018) . The plant growth promotion activity of the obtained isolates should be further studied to decipher the role they play in legume re-establishment after fire and assess their potential use for the restoration of degraded ecosystems.
Conclusions
The analysis of the BNF rates by two acacia species growing at suburban forest sites subjected to prescribed burns showed that, even 6 years after the fire, both acacia species still depended upon BNF for their N supply. Although prescribed burns are generally of low intensity, they may have created a N-limited environment which induced the reliance of legumes on BNF. These findings were supported by the presence of rhizobial genera in acacia root nodules, both from the Alphaand Beta-proteobacteria class. We found that the relative abundance of rhizobial genera varied amongst plant species and between sites, with a shift in dominance from Bradyrhizobium to Rhizobium species between site 1 and site 2. The genus Herbaspirillum was only found in nodules at site 1, whilst Paraburkholderia species were only detected in nodules from A. leiocalyx, which may represent a host preference of this genus. Our results show that 6 years after burning, the ecosystem remained under N stress, which emphasised the need for fire intervals to exceed this period, to allow soil N reserves to replenish and alleviate forest N limitation.
